Abstract. Fiber evanescent wave spectroscopy ͑FEWS͒ explores the mid-infrared domain, providing information on functional chemical groups represented in the sample. Our goal is to evaluate whether spectral fingerprints obtained by FEWS might orientate clinical diagnosis. Serum samples from normal volunteers and from four groups of patients with metabolic abnormalities are analyzed by FEWS. These groups consist of iron overloaded genetic hemochromatosis ͑GH͒, iron depleted GH, cirrhosis, and dysmetabolic hepatosiderosis ͑DYSH͒. A partial least squares ͑PLS͒ logistic method is used in a training group to create a classification algorithm, thereafter applied to a test group. Patients with cirrhosis or DYSH, two groups exhibiting important metabolic disturbances, are clearly discriminated from control groups with AUROC values of 0.94± 0.05 and 0.90± 0.06, and sensibility/specificity of 86/ 84% and 87/ 87%, respectively. When pooling all groups, the PLS method contributes to discriminate controls, cirrhotic, and dysmetabolic patients. Our data demonstrate that metabolic profiling using infrared FEWS is a possible way to investigate metabolic alterations in patients.
Introduction
Numerous diseases are characterized by metabolic abnormalities that can be detected at plasmatic or serum levels through the quantification of biochemical components such as glucose, cholesterol, triglyceride, globulins, albumin, transferrin, enzymes, and ions. This explains the development of numerous biochemical methods aimed at quantifying, and more rarely at characterizing, specific serum components. However, most of the methods developed to date yield specific information on a particular component, whereas the determination of one component is frequently not sufficient, physicians needing a combination of biochemical parameters, in addition to clinical and imaging findings, to base their diagnosis. 1, 2 For example, the diagnosis of a metabolic syndrome is based on the evaluation of a combination of positive criteria, including glucose, cholesterol, triglyceride, uricemia measurements, and a large number of other criteria to exclude other diseases or associated complications. 3 Therefore, methodologies that provide an extensive view of the serum biochemical species levels from a unique and limited serum sample would certainly help in establishing an early diagnosis in addition to classical clinical, biological and imaging findings. 4, 5 Ideally, the goal is to identify serum fingerprints useful for both diagnosis and prognosis. 6 The mid-infrared infrared ͑MIR͒ domain contains most biological molecule spectral signatures through their functional groups. 7, 8 This explains the development of Fourier transform infrared spectroscopy that enables the investigator to have true fingerprints of the fundamental functional chemical groups represented in biological samples. [7] [8] [9] [10] [11] [12] [13] [14] [15] The recent development of chalcogenide glass optical fiber by our group is an essential step to remotely collecting MIR signals. Their unique and original tapered shape is also decisive to recording informative spectra from biological complex samples. 16 The principle of the method is based on the general concept of fiber evanescent wave spectroscopy ͑FEWS͒, and remote spectroscopy using IR glass fibers gives the opportunity to have access to real-time spectra.
Our hypothesis was that FEWS using IR glass fibers, combined with adequate statistical analysis, could give spectral fingerprints useful to perform a rapid classification of patients with diseases having metabolic consequences, and thus to obtain relevant information for the diagnosis.
To demonstrate the concept, we chose to study sera obtained from patients exhibiting chronic liver diseases known to induce various alterations of a number of parameters related to both the etiology and the severity of the disease. We show that the implement of our highly sensitive optical fibers, such as an MIR remote sensor associated with modern statistical methods of spectral data could be a way to investigate metabolic alterations in patients.
Patients, Materials and Methods

Patients
The control group was constituted by 18 to 70 years old healthy volunteers ͑n = 140͒. They were all included in the study during a systematic medical examination in a health care center ͑Centre d'Examens de Santé, Caisse Primaire d'Assurance Maladie de Rennes͒. They were all of Caucasian origin, devoid of known acute and/or chronic diseases as well as of excessive alcoholic consumption, and with a normal body mass index less than 25 kg/ m 2 .
The first disease group comprised 29 patients exhibiting systemic iron overload related to untreated genetic hemochromatosis ͑GH͒. The diagnosis was assessed by the presence of a homozygous C282Y mutation of the HFE gene. In addition, all the patients presented a phenotypic expression characterized by a serum transferrin saturation level above 50%, and a liver iron concentration estimated by magnetic resonance imaging 17 ͑MRI͒ or biochemical determination over 36 mol/ g of dry weight liver. The blood samples were collected before the beginning of the iron depletive treatment.
The second group of patients included 37 iron-depleted HFE hemochromatotic patients after the completion of intensive phlebotomies of the induction phase ͑DGH͒. They presented serum transferrin saturation levels below 45% and ferritinemia levels below 100 g / L.
The third patient group was composed of 58 alcoholic cirrhotic patients ͑AC͒. The diagnosis was assessed on the clinical history of excessive alcohol consumption and the absence of other recognized liver disease etiology. All the patients were grade B or C with the Child-Pugh classification. 18 The fourth group included 67 patients with dysmetabolic hepatosiderosis ͑DYSH͒. They presented a dysmetabolic liver siderosis not linked to C282Y HFE homozygozity and characterized by increased of serum ferritin, unexplained increase of hepatic iron concentration ͑Ͼ36-mol/ g dry weight liver͒ as determined by MRI examination, and an insulin resistance defined by one or more of the following findings: body mass index Ͼ27, abnormal glucose metabolism, dyslipidemia, or increased blood pressure.
The study was approved by the local ethic committee ͑CCPPRB Comité Consultatif de Protection des Personnes se prêtant à la Recherche Biomédicale͒.
Laboratory Procedures
All biological tests mentioned in Table 1 were performed in the biochemistry and haematology laboratories of the Pontchaillou Hospital in Rennes according to currently in force clinical guidelines. Peripheral venous blood was collected using plain tubes ͑Vacutainer Tube, Becton Dickinson, Grenoble, France͒ after an overnight fast, and all parameters were analysed on fresh samples. For infrared spectroscopic analysis, serum samples were stored at −80°C in vials from VWR ͑West Chester, Pennsylvania͒ ͑low temperature freezer polypropylene, silicone O-ring seal, sterile͒ until the analysis, which was performed twice.
Infrared Spectroscopy
Principles and materials used for this study were previously described. 16, 19 Briefly, an analysis of serum was performed using a tapered optical fiber made with Te 2 As 3 Se 5 glass ͑TAS͒ with large optical transparency in the MIR range from 850 to 4000 cm −1 . The diameter of the fiber, equal to 400 m, was reduced in the sensing area. The experimental setup consisted of a Fourier transformed infrared spectrometer ͑Bruker V22, Bruker Corporation, Billerica, Massachusetts͒ coupled with the fiber, and a cooled mercury-cadmiumtelluride detector. A special kit provided by Bruker was connected to the spectrometer to focus the infrared beam from the black body to the input of the fiber. When chemical species are brought into contact with the fiber, the IR optical rays are partially absorbed at the interface following the attenuated total reflection rules. The optical signal is recorded at the output extremity of the fiber, providing the infrared single beam spectra. A reference single beam spectrum was obtained "in air" before each sample analysis. A 10-l serum sample drop was then placed in physical contact with the fiber. Fiber was then removed from the serum sample and 100 scans were acquired and summarized. Before a new sample analysis, the fiber was carefully washed using distilled water and a new air spectrum was collected. To investigate the impact of the TAS glass on the analysis, we performed two independent analyses on the same sample but using two different glass fibers at two different dates.
Discrimination Methods
A partial least squares logistic ͑PLS logistic͒ method was used to discriminate samples. 20 The PLS logistic is an extension of the multiple linear regression model, allowing the derivation of multiclass decision rules and thus classification of data. 21 This model was described for instance in Ref. 21 , and it is such that the probability that a patient p i belongs to a group g given its recorded spectrum s is related to the linear predictor sЈ g by the logistic link
where N g denotes the number of groups and the g are parameters that are estimated by a penalized maximum likelihood method. S denotes the value of the spectra for a set of wave numbers ͕ 1 , ... , p ͖. In practice, no statistical feature selection is done in this analysis. The interpretation of this model is: the larger sЈ g , the higher the probability for the patient p i to belong to the group g. Here, sЈ g is a linear combination of the values of the absorbance at the different wavenumbers. 3 / 5 of the patients of each group were randomly selected to create the training group, which is used to estimate the param-
.. ,N g ͖. The PLS was run on the whole transparency domain of the fiber, that is to say: 3800 to 2800 and 1800 to 850 cm −1 . The diagnosis given by the physician and resulting from the clinical, biological, and imaging procedures used in a context of good medical practice was used as gold standard.
The 2 / 5 remaining patients were then considered as a test set to validate the classification algorithm. Each test spectrum was introduced in the fitted PLS-logistic model to return the probability of the corresponding patient to belong to each group. The patient was then classified within the group with the highest probability, and the predicted group is compared to the true group of the patient. To validate regression models, it is usual to perform cross-validation. Two approaches can be considered: the leaf-by-leaf validation and validation on the basis of a test sample that is randomly chosen on the basis of all observations. The advantage of the second approach is that it allows inferring on the robustness of the classification method by repeating the validation with several random test samples. Therefore, the discrimination analysis was repeated ten times with distinct training and test groups that were randomly selected from the different groups and expressed results that correspond to the means.
Training and analysis were performed either with the five groups of patients, or using only two groups: the control group of healthy subjects and one group of diseased patients. The PLS-logistic method was also used to compare males and females. All computations, analyses, and graphics are executed with programs developed in Matlab v6.5 and Excel.
To investigate if some wavelengths have an important weight in the discriminant analysis, we evaluate the discriminant power by multiplying each standardized absorbance s j by the parameter 1j of the logistic model. In practice, the weights are close to zero when the absorbance at the corresponding wavelength is not discriminant, and are large ͑in absolute value͒ if it is discriminant.
Statistical Analysis
Results of classical biochemical tests are expressed as meanϮ standard deviation ͑SD͒. SPSS statistical analysis was performed by using the nonparametric Mann-Whitney test. The performance of the two groups of PLS-logistic classification was analyzed using the construction of receiving operating characteristic ͑ROC͒ curves and by the calculation of the area under the ROC ͑AUROC͒ using programs developed in Matlab. The ROC curve is a graphical plot of the sensitivity versus ͑1 − specificity͒ for a binary classifier system as its discrimination threshold is varied. The cutoff of the regression score was identified through the calculation of the highest Youden index ͑sensitivity+ specificity-1͒, which gives a global index on the global performance of the test.
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The performance of the five groups' PLS-logistic classification cannot be represented using ROC curves and is thus illustrated by a confusion matrix of classification as indicated in Table 2 .
Results
Bioclinical Findings
Clinical and biological findings are indicated in Table 1 . All the findings were in accordance with those previously reported in the literature and are characteristic of the different groups of patients.
Untreated genetic hemochromatotic patients were characterized, as expected, by an increase of all the serum iron parameters ͑serum iron, transferrin saturation, and ferritin͒ compared to healthy volunteers. 23 In addition, they presented: 1. a slight but significant decrease of albumin, transferrin, alpha2 and beta-globulins, cholesterol including both HDL and LDL, and calcemia; and 2. a slight increase of glycemia, triglycerides, AST, and ALT.
Iron depleted genetic hemochromatosis normalized their iron parameters as expected 23 and in addition exhibited persistent decrease of albumin, transferrin, and beta-globulins, as well as of HDL cholesterol and calcemia. The glycemia remained high, and AST was found decreased as compared to the control group. The hypoferritinemia was related to the fact Table 2 Confusion matrix for the five studied groups. The whole population, i.e., the five control and patients groups, were included in a global study that aimed at addressing each patient to the correct group using FEWS analysis compared to the bioclinical standard. Results are expressed in percentage corresponding to the mean of ten runs. The two independent analyses gave similar results which are both presented: the first number corresponds to the first analysis and the second one to the second analysis. that the completion of iron depletion was judged on a drop of ferritinemia, which reflects the iron stores 24 and therefore the efficiency of the iron depletive treatment.
FEWS
In the DYSH patient group, the level of a large number of markers of protein, glucose and lipid metabolisms were significantly different from those found in the control group, 25 but the modulation remained moderate compared to those found in the cirrhotic group of patients. In addition, patients presented an increase of ferritin protein, reflecting an increase of iron stores.
The alcoholic cirrhotic patient group exhibited the most important metabolic disturbances in terms of both number and severity of affected parameters. The only parameters that were not distinct from the control group were: beta-globulins, triglycerides, creatinine, ferritin, ALT, and transferrin saturation.
Fiber Evanescent Wave Spectroscopy Mid-Infrared Spectra
The mid-infrared spectral domain encompasses the 850 to 4000 cm −1 range. Attribution of absorbance bands has been previously reported. 8 Absorbance related to the serum samples ͑Fig. 1͒ are essentially found between 3600 and 2800 cm −1 as well as between 1700 and 900 cm −1 . The presence of functional groups present in proteins was revealed between 3100 and 3600 cm −1 for NH amide A and 1200 and 1700 cm −1 for the amide I, II, and III, respectively. The lipid absorption bands show up at 2800 to 3100 cm −1 and 1400 to 1740 cm −1 due to the presence of methylene and methyl C-H bonds and the triglycerides and phospholipids C v O ester bonds, The glucids C-O-C vibrations show up between 900 and 1200 cm −1 . Despite the possibilities of differences from one spectrum to another, visual analysis of spectra did not permit us to discriminate patients regarding the disease. However, the PLS-logistic model allows discriminating of the spectra thanks to the weights g applied to the spectrum's values at the critical wave numbers. Figure 2 shows that the discrimination method between the different groups is based on a global signature encompassing lipids, proteins, and sugar spectral domains. Despite the fact that some wavelengths strongly contribute to the analysis, the best results are obtained using the whole spectra.
ROC Curves
To express results obtained from the PLS-logistic model, ROC curves were plotted ͑Fig. 3͒. The faster the ROC curve climbs toward the upper left-hand corner of the graph, the more the discrimination method is efficient. We observe that the proposed method was particularly efficient for the cirrhotic and DYSH patients, while its performance for the other patients was inferior. The area under ROC curves ͑AUROC͒ was computed to assess overall performance of our experiments. AUROC values, averaged from 10 PLS-logistic runs on the same sample, were 0.94Ϯ 0.05 for cirrhotic patients, 0.90Ϯ 0.06 for DYSH patients, 0.71Ϯ 0.10 for iron-depleted hemochromatotic patients, and 0.64Ϯ 0.11 for untreated hemochromatotic patients. Sensitivity, specificity, and positive and negative predictive values, determined using the optimum Youden index, are reported in Table 3 . The second set of analysis gave similar results.
It is noteworthy that we were unable to discriminate between male and female in the validation group. Fig. 2 Discriminating spectral domains. The figure displays a typical MIR spectrum acquired from blood samples. Superimposed to this spectrum, the statistical weights g are featured both by the symbol sizes of the spectral curve and, for better visibility, by an histogram exhibiting the relative values of g . This histogram clearly emphasizes that the discrimination between groups is based on a global signature, which encompasses spectral domains reflecting as a whole lipids, proteins, and sugars. 
Patient Discrimination between Groups
To investigate the possibility to correctly address the patient in a more complex situation, we used the PLS method on the whole population. Results are reported in Table 2 . We found that both controls and cirrhotic patients of the test group were correctly classified with success scores of 70 and 75%, respectively. Accurate classification was found in 55 to 75% of the cases for dysmetabolic hepatosiderosis patients, whereas most of them were not correctly classified in both hemochromatotic patient groups.
Discussion
Most systemic diseases lead to the development of metabolic consequences, which in turn expose patients to the development of complications that engage functional or vital prognosis. Such metabolic consequences, which are the direct consequence of cellular metabolism alterations, can be detected in plasma and/or serum. However, to date, each metabolic abnormality is searched through the quantitative assessment of individual biochemical parameters, including the evaluation of the different glucid, lipid, and protein species. 1, 2 This clearly implies that the physician must a priori hypothesize that one or more specific biochemical parameters are altered in the patient. In addition, current biochemical procedures explore only the serum components that have been previously characterized, and most of the biochemical tests do not provide qualitative assessment of biomolecules. Thus, during chronic alcoholism in absence of cirrhosis, the transferrin protein level is not altered, whereas an alteration of the glycosylation process, not evaluated by routine test, can be found. 26 The quantification of combined known biological species quantification has been proposed to classify diseases such as Alzheimer disease 27 and liver fibrosis stage. 28, 29 In addition, the development of new methodologies giving wide overview of metabolic profiling could be useful for diagnosis and has been proposed through the use of technologies devoted to metabolome characterization. Thus, surface-enhanced laser desorption ionization time of flight ͑SELDI-TOF͒ technology provides new hope. Indeed, this technology gives the opportunity to obtain more global information by providing peptide profiles that are supposed to reflect the pathological state by the modification of ratios between the different peaks ͑re-views in Refs. 30 and 31͒. However, even though this technology is promising, the obtained information is only partial because the profiling is restricted to low molecular weight peptides ͑hence excluding most proteins͒ and, in addition, does not reflect the glucid and lipid metabolisms that can provide valuable information. In addition, some pitfalls requiring improvement of the methodology have been identified. 32 Taken altogether, it appears that the acquisition of global metabolic profiling through the SELDI-TOF method is time and cost consuming and not exhaustive.
Alternatively, the single shot acquisition of a global metabolic profiling could therefore be useful to improve patient care. The use of spectroscopy has been proposed to evaluate fingerprints in biomedia. 8 Thus, on one hand, near-infrared spectroscopy that explores wavelengths comprised between 12500 to 4000 cm −1 , and allows the investigation of harmonic and combinatory vibrations of C-O, C-H, and N-O is proposed to characterize biological samples. NIR spectroscopy is used to measure oxygenation of tissue ͑review in Ref. 33͒ and has been reported useful for other applications such as evaluation of water content, tumoral process in diseased skin, 34, 35 and of coronary artery plaque vulnerability. 36 On other hand, the MIR domain ͑review in Ref. 8͒ explores the 850 to 4000 cm −1 wavenumber domain, and gives more global information due to the fact that the IR absorption in this domain reflects the fundamentals of the vibrations of the biomolecule functional groups present in complex biological fluids. Moreover, the location of specific peaks related to one specific chemical group may be altered by the presence of other molecules and/or functional groups. 7 Therefore, the spectra acquired in the MIR domain give access to multiple peaks representing a large number of functional groups present in proteins, lipids, and glucides. However, the OH vibration peak of water, always found in samples, overlaps with some bands, including amides bands. Despite this potential limitation, and taking advantage of the physical properties of the light diffusion within the TAS optic fiber, we decide to test the usefulness of the MIR FEWS approach to search for discriminating metabolic profiles by analyzing human serum samples with various metabolic diseases.
IR TAS glass fiber light transmission permits us to take advantage of the evanescent wave that propagates all along the fiber, 16, [37] [38] [39] [40] [41] [42] [43] and thus to perform FEWS. The general principle of this remote spectroscopy has already been described, 44 but for the first time here it is applied to a large scale medical study. Thus, the present work converts MIR FEWS into a technology with potential interest for the physician. The following points are essential to explain the sensitivity of our FEWS spectra compared to the classical way of collecting MIR spectra, by transmission or using an ATR plate. First, the recent development of tapered glass fiber exhibiting a diameter smaller than 100 m on the sensing zone drastically increases the intensity of the evanescent wave propagating along the fiber, amplifying then the optical coupling interaction with the serum. 16, 19, 45 Second, the hydrophobic behavior of the covalent chalcogenide glasses enables us to emphasize the infrared signal absorbed by the biological molecules to the detriment of the invasive signal of water, which is the main medium in the serum. 41 To validate the interest of this method, we have explored, by comparison with a normal group, patients with chronic liver diseases. Such diseases are known to have a potential impact on serum biochemical parameters, as illustrated in Table 1 . This is related to the central role that the liver plays in the control of major metabolisms. Thus, as expected, GH impacts mainly the serum iron parameters but may also have other slight biochemical impacts on other parameters. The serum iron parameters were normalized after iron depletive treatment in the treated GH group. In the cirrhotic group, the major hepatic dysfunction affects most of the biochemical parameters studied. Finally, DYSH is mainly associated with disturbances in lipid ͑triglycerids and HDL cholesterol͒ and glucid metabolism, but also with increased iron stores reflected by ferritin increase. Therefore, we were expecting that FEWS-IR spectroscopy could discriminate these situations that differ by the metabolisms involved and the severity of the disease.
The sole inspection of individual spectra did not allow identifying abnormalities that characterize a particular pathological state. Therefore, we used supervised classification based on PLS-logistic regression to discriminate spectra and then patients. The obtained results may be improved in the future if the signal-to-noise ratio ͑SNR͒ could be increased. ROC curves demonstrate that applying the algorithm obtained in the training group by comparing each pathological group with the control group allowed us to correctly classify most of the cirrhotic patients as well as those presenting dysmetabolic hepatosiderosis. This is likely related to the presence of significant metabolic alterations found in these two groups of patients, especially in cirrhotic patients for which the number of altered parameters and the intensity of the modulation, compared to normal values, are major. Indeed, alcoholic cirrhotic patients in our study presented severe hepatic dysfunction with multiple biochemical alterations including proteins, glucids, and lipids. Patients with dysmetabolic hepatosiderosis also exhibited metabolism alterations especially involving lipids and glucids parameters, but the relative difference compared to normal values is lower, and a more reduced number of parameters related to proteins is affected ͑Table 1͒. At variance, we were not able to correctly classify iron saturated or depleted hemochromatotic patients despite alterations and which are known to induce oxidative stress toward biomolecules in iron saturated groups. 46 Whether the small but significant difference of age in cirrhotic and dysmetabolic patients, which are older than those in the three other groups, may have an impact on the FEWS-IR analysis needs to be discussed. Considering that: 1. within the biochemical parameters usually evaluated in serum most of them are not influenced by age, and the normal range is not affected by age in the adult population, except for lipid metabolism, for which normal values are only very slightly different with age in adults, 47 and 2. such modulations are extremely moderate regarding the intensity of alterations found in biochemical parameters in cirrhotic and dysmetabolic groups, they could only have a slight impact on the analysis. In addition, it is noteworthy that the best performance of the analysis is obtained when the entire spectrum is considered, and not only one or some specific wavelength that could only reflect parameters related to a single metabolism. This last point clearly underlines the global investigation that FEWS-IR analysis permits.
The previously described procedure, based on the comparison between one pathological group and one control group, implies that the physician hypothesizes one diagnosis for the patient. However, in most cases, the diagnostic hypothesis is less precise and more than one diagnosis can be evoked. To test the possibility to classify a given patient among a panel of possible diseases, we tested our capacity to correctly identify the cirrhotic and dysmetabolic patients among the five possible groups. Despite that common metabolic abnormalities can be found in the different groups, such as glucid and lipid alterations in both cirrhotic and dysmetabolic patients, we were clearly able to discriminate these patients. This is likely related to the fact that the spectral analysis gives a large number of data, thus performing true metabolic profiling ͑Fig. 2͒, characteristic of each situation.
In conclusion, our results suggest that the concept of the metabolic profiling using IR-FEWS could be a way to investigate diseases having metabolic consequences in patients.
